Porosities of set and burnout compacts of phosphate-bonded investments were determined. A gas pycnometer was used to measure the volumes, and hence the densities, of fine powders and porous compacts. Porosities of set and burnout compacts were then obtained from these data for as-received powders and dry set compacts by a numerical simulation method, subsequently leading on to the estimated compositions of conventional and rapid-heating investments used in this study. Excess water content in the hardening investment compact was evaluated as a function of setting time elapsed from the start of mixing. Porosities were about 24-32% for set compacts and 43% for burnout compacts, which well agreed with the numerically computed results. It was concluded that the functional composition of investment powder needed to achieve the optimal porosity as well as process parameters such as water-powder (W/P) ratio and keeping time of mixed investment casting slurry before heat treatment could be determined using the numerical simulation method developed in this study.
INTRODUCTION
For more than 60 years, molds made from phosphatebonded investments are used for casting high-meltingpoint alloys such as Co-Cr alloys and alloys for porcelain-fused-to-metal restorations [1] [2] [3] . Phosphatebonded investment materials set by a complex chemical reaction. An equimolar mixture of setting agents, monoammonium dihydrogen phosphate (NH 4H2PO4) and magnesium oxide (MgO), reacts with water to form ammonium magnesium phosphate hexahydrate (NH 4MgPO4· 6H2O), which aggregates around excess unreacted MgO and fillers [4] [5] [6] . X-ray analysis revealed that phosphate compounds, excess unreacted MgO, and solid mixed phosphate co-exist in a set compact 2, 7, 8) . During heating, the mixed phosphate decomposes. Basically, the single-phase NH 4MgPO4· 6H2O dehydrates during heating to convert to magnesium pyrophosphate (Mg 2P2O4) at 800°C 6, 7, 9) . The thermal reaction is also a complex reaction because it yields a mixture of magnesium metaphosphate (Mg(PO 3)2) and farringtonite (Mg3(PO4)2) [5] [6] [7] [8] . Besides, chemical reactions may occur between the phosphate compounds and refractory components of silica (cristobalite and quartz), MgO, and additives such as zircon (ZrSiO 4) 10) . Investment materials for casting alloys must meet exacting requirements: easy manipulation and handling, no chemical reactions with alloy at casting temperature, able to provide adequate expansion to compensate for casting shrinkage. To date, research and development is still ongoing for new investment materials which would bring casting quality and accuracy to new heights. For phosphate-bonded investments, numerous investigations have been carried out to examine the following in an unrelenting search for improvements and betterments: effects of mixing methods and mixing conditions on the setting expansion and compressive strength of casting investments 11, 12) , effects of the properties/characteristics of casting investments on cast smoothness and dimensional accuracy 11) , reaction of investment with cobalt-chromium alloys at high casting temperatures 13) , factors which affect the setting and thermal expansions of casting investments 14, 15) , effects of investment's potential expansion, hot strength, and deformation at elevated temperatures on casting accuracy 16, 17) , and factors which influence the gas permeability and castability of casting investments 18, 19) . One of the recent innovations in investment casting was the rapid-heating phosphate-bonded investment 20) . As per all commercial investment products, the composition and physical properties of rapid-heating casting investment were tested according to ISO standard 11, 21) , and it has since become more popular than conventional investments. However, numerous essential details pertaining to rapid-heating phosphatebonded investments remained vague or incomplete. Amongst which are the underlying mechanisms of the setting and thermal reactions, the effects of mixing ratio and setting time on porosity, and the effects of porosity on the thermomechanical properties of set and burnout compacts.
An investment mold is a porous compact, which is essentially a solid substance punctuated by pores. As mentioned above, the thermomechanical properties of set and burnout compacts are decidedly influenced by porosity, which in turn is a function of setting and heating processes. Therefore, it is decidedly important to have a theoretical or experimental evaluation of the porosity of phosphate-bonded investments so as to better control the setting and heating processes to achieve the propitious porosity 22) . However, to the best of the authors' knowledge, no research studies have been carried out on the porosity of phosphate-bonded investments.
The purpose of this study was to develop a computer-aided compositional design of phosphatebonded investments. Porosities of set and burnout compacts of conventional and rapid-heating phosphatebonded investments were calculated using a numerical simulation technique 23) , and these computed results were compared and confirmed using experimental data of this study. Estimated compositions of binder phase and refractory filler, effect of water-powder ratio on porosity, and the rate of water loss from set compacts were discussed. From which, suggestions were recommended for the parameters and conditions of setting and heating processes in order to achieve optimal porosity.
MATERIALS AND METHODS

Materials
A total of four commercial phosphate-bonded dental investments were used in this study: two conventional investments versus two rapid-heating investments. The two conventional investments used were Velvety (Shofu, Kyoto, Japan; coded A) and Ceravest G (GC, Tokyo, Japan; coded C). The rapid-heating investments used were Velvety Superquick (Shofu, Kyoto, Japan; coded B) and Ceravest Quick (GC, Tokyo, Japan; coded D).
Densities of investment powders
Weight readings of the four types of as-received investment powders were taken with a microbalance (AUW220D, Shimadzu, Kyoto, Japan) with 0.01 mg accuracy. Their volumes were measured using a gas pycnometer (AccuPyc 1330, Shimadzu, Kyoto, Japan) with 0.02% accuracy for 1 cm 3 . Volume measurement using the gas pycnometer was carried out as per our previous study for gypsum-bonded investments 22) . Briefly, investment powder was randomly retrieved from its packaging and its volume measured. This was repeated three times, and density of investment powder was determined from the average value of these measurements.
Mixing and setting of investment casting slurries
As-received investment powders were mixed with distilled water using water-powder (W/P) ratios recommended by their manufacturers. Mixed slurry was poured into a polyethylene mold with 8 mm outer diameter, 6 mm inner diameter, and 10 mm height. The top and bottom surfaces of the mold were clamped with a glass plate each for 30 min. After which, the mold was removed and the slurry mixture was left to set in ambient air for 60, 90, 120, or 180 min after the start of mixing of as-received powder with distilled water. Volume and outer dimensions of each set sample were measured.
To prepare dry set samples which were hardened samples with an extremely low excess water content, set samples were kept in a desiccator with silica gel for 1 day. For burnout samples, the sample which was left to set for 180 min in ambient air after mixing with distilled water was heated at a rate of 5°C/min up to 800°C and then cooled to room temperature.
Calculating porosity
Density ρ of compact was calculated from its weight (measured using the microbalance) and outer dimensions (measured using a digital caliper). Solid density ρ s of compact was calculated from its weight and the volume measured using a gas pycnometer. Porosity P was computed from density ρ and solid density ρ s as follows: P=1−ρ/ρs. For dry and burnout samples, their compacts were crushed to powders and their densities measured using the gas pycnometer. All measurements were done at room temperature.
Setting reaction
Each as-received investment powder was composed of binder and refractory materials. The binder was a mixture of NH 4H2PO4 (A) and MgO (B). The refractory (X) comprised silica fillers (cristobalite and quartz), excess magnesium oxide (B), and additives. For the phosphate-bonded investment to set and harden, the binder underwent the following chemical reaction to convert to NH 4MgPO4· 6H2O (D) [4] [5] [6] [7] [8] :
1. Binder NH 4H2PO4 and MgO are represented by subscripts A and B respectively. Density ρ and volume V of the total binder phase (P) are presented as follows:
Given M is the molecular weight of each component, Equations (2) and (3) would give rise to:
Investment powder
Composed of the binder (P) and refractory (X), the density and volume of as-received investment powder (0) are given as follows:
For the dry set compact which had an extremely low excess water content after it was kept in a desiccator for 1 day, its mass is represented as follows:
NH4MgPO4· 6H2O is the setting reaction product given in Equation (1) and it is represented by subscript D. Now, the density and volume fractions of refractory (X) and binder (P) can be calculated as follows:
With VA+VB=VP, the volume fractions of binder components NH4H2PO4 (A) and MgO (B) can be calculated as follows:
3. Water content Content of distilled water used to mix with the asreceived investment powder at the recommended W/P ratio is represented by subscript W, while W/P ratio is denoted as m. Mass W W and volume VW of water content in mixed slurry are calculated as follows:
Volume of water which dissipated during the setting reaction, V R, is represented as follows:
Volume of excess water in the mixed slurry, VE, is thus given as follows:
4. Set compact Density and porosity of dry set compact are calculated from the volume and mass data of investment powder components (binder (P) and refractory (X)), water content in mixed slurry (W), and setting reaction product (D) as follows:
where subscripts 1 and 2 represent the mixed investment casting slurry (including the full content of excess water) and dry set compact (wherein excess water from set compact was removed) respectively. The term α is the linear setting expansion.
Burnout compact
The thermal reaction of set compact is shown as follows 6, 7, 9, 13, 15) :
NH 4 Mg PO4· 6H2O →NH 4 MgPO4· H2O + 5H2O 2NH4MgPO4· H2O →Mg2P2O7 + 2H2O + 2NH3 (20) Water and ammonia gas in Equation (20) were subsequently removed from the compact during the heating process, leaving magnesium pyrophosphate Mg 2P2O7 (F) as the final main product from the binder phase at 800°C. Weight and volume of Mg2P2O7 are represented as follows:
Porosity and density of the burnout compact are then calculated using the following equations: Table 1 shows the densities of as-received phosphatebonded investment powders used in this study. The densities of rapid-heating investments (B and D) were higher than the conventional investments (A and C). These data suggested that rapid-heating investments had more quartz as refractory filler than did the conventional investments, although the investments also contained binder and other additives 5, 6, 10, 20) . This is because the density of quartz (2.651 g/cm 3 ) is higher than that of cristobalite (2.352 g/cm 3 ) 22) . Table 2 shows the densities of the crushed powders of dry set and burnout compacts. Densities of the crushed powders also well agreed with those of the compacts. Table 3 shows the densities and porosities of both dry set Values in parentheses were calculated using Equations (17), (22) and (23) . Here, measured densities ρ 0 and ρ 2 of as-received powders and dry set compacts (former results) or crushed powders (latter results) were used. (8), (9) and (11) using densities of dry set compacts ρ 2 (upper-row data) or those of crushed dry compact powders in Table 2 (lower-row data).
and burnout compacts. Computed values from Equations (17), (22) , and (23), which used the measured densities ρ 0 and ρ2 of as-received powders and dry set compacts/ crushed powders respectively, are shown in parentheses under the experimental values. The computed results well agreed with the experimental data. These results suggested that the numerical simulation method developed in this study was reliable in estimating the macroscopic porosity of phosphate-bonded investments.
In our previous study 23) , commercial gypsum-bonded investments were also mixed according to W/P ratios recommended by their manufacturers and then fired at 700°C. Nonetheless, the dry set and burnout compacts of phosphate-bonded investments in this study had lower porosities at 25-32% and 42-45% respectively as compared to the corresponding values of circa 40% and circa 50% for gypsum-bonded investments. 
DISCUSSION
Compositions of phosphate-bonded investments
Contrary to the simplistic setting reaction portrayed in Equation (1), the setting reaction of the binder in phosphate-bonded investments is actually quite complex. According to Equation (1), the final setting reaction product was NH 4MgPO4· 6H2O, and excess MgO remained in its original form as that in the refractory.
Compositions of the binder phase, especially the content of NH 4H2PO4, and the refractory were derived from Equations (8), (9) , and (11) and those of the densities. Computed compositions of both conventional and rapidheating phosphate-bonded investments, expressed in mass%, are shown in Table 4 . Refractory content was 82-87%, and MgO in the binder which reacted with NH 4H2PO4 was 3.3-4.8%; excess MgO remained in the refractory. These values were well within the range of composition data reported by the patent 20) .
Refractory composition
For phosphate-bonded investments, the key ingredient of the refractory is silica 5, 6, 10, 20) . In the current study, density of the refractory (ρx=2.656, 2.826, 2.626, and 2.736 g/cm 3 for investments A, B, C, and D respectively) was interestingly higher than that of quartz (ρ=2.651 g/cm 3 ), except for investment C. This result suggested that high-density minerals such as MgO (ρ=3.58 g/cm 3 ), ZrSiO4 (ρ=3.9-4.7 g/cm 3 ), or forsterite Mg2SiO4 (ρ=3.2-3.8 g/cm 3 ) were added to these investments. In the current study, the effect of a colloidal coating of mixed phosphate around MgO on the density of set investments was not examined. For this reason, it was difficult to ascertain the exact composition of the refractory material. Nonetheless, assuming that the main components of the refractory were cristobalite, quartz, and magnesium oxide 20) , contents of these components were estimated from their densities and the calculated total density of the refractory (i.e., ρ x in Equation (7)). A simplified interpretation of the results suggested that rapid-heating investments (B and D) contained a higher content of quartz in the refractory than the conventional investments (A and C).
Refractory composition affects the thermal expansion of phosphate-bonded investments. This is because each refractory mineral has its own unique and different thermal properties in terms of thermal expansion and allotropic phase transformation 24) . In the current study, assuming that the total refractory density remained unchanged, thermal expansion of the investment could be controlled and manipulated by the relative ratios of cristobalite, quartz, and magnesium oxide in the refractory's composition.
Effect of W/P ratio on the porosity of set and burnout compacts
As shown in Equations (16), (17) , and (22), the amount of water added to the mixed investment slurry was a determining factor to the porosity of set and burnout compacts. Figure 1 shows the simulation results of the relationship between W/P ratio and the porosity of dry set and burnout compacts. As W/P ratio increased, so did the porosities of set and burnout compacts. Table 5 shows the mass and volume fractions of water added to the mixed investment slurry according to the manufacturer-recommended W/P ratios for asreceived powder and distilled water. Assuming uniform powder particle size and shape for all investment powders, investment slurry consistency was determined by the volume fraction, not by the mass fraction, of water added to the slurry. For this reason, volume fraction of water added to the slurry was almost the same for every investment powder at 36-38%. In investments A and B, the volume fractions of excess water were 18.5 and 20.2% respectively; in investments C and D, the volume fractions were 24.1 and 23.9% respectively. Excess water content was directly related to the porosity of set compacts. Thus, investments C and D had higher porosities than A and B after the setting reaction (Fig.  1 ). As shown in Table 4 , investments C and D had lower binder contents than A and B. A lower binder content would account for a lower amount of water used for chemical setting reaction. Accordingly then, investments C and D had higher porosities under the same W/P ratio.
It seemed that compositional differences between rapid-heating and conventional investments contributed to their porosity differences. Rapid-heating investments had higher quartz content. This meant that for the same W/P ratio, rapid-heating investments were more water to form a slurry because of high density. A higher water content in the slurry supposedly led to a higher porosity. It was also suggested that a low NH 4H2PO4 content would lead to a higher porosity at the same W/P ratio, because density of the binder phase (ρ=2.070 g/ cm 3 ) was lower than that of the refractory. In our previous investigation using gypsum-bonded investments 22) , the measured porosity of set compacts Fig. 1 Effects of W/P ratio on the porosity of dry set and burnout compacts of phosphate-bonded investments. was about 40%. This level of porosity might be difficult to attain for phosphate-bonded investments. In the present study, porosity of dry set compacts was about 10% when the as-received investment powder was mixed without excess water. Porosity increased with increase in W/P ratio. For W/P ratios ranging between 0.10 and 0.30, the porosities of dry set compacts were experimentally confirmed and had good agreement with the computed results in Fig. 1 . Therefore, the amount of water added to the as-received investment powder to form slurry (i.e., W/P ratio) was the prime factor in determining the porosity of dry set compacts, but not the binder amount in the investment's composition. Setting expansion of the investment was also a negligible factor to the porosity of its set compact. Investment powder with a high density yielded a high porosity at the same W/P ratio. For burnout compacts, W/P ratio was the sole factor determining their porosity. There were negligible differences in W/P ratio among the four types of investments tested in this study, leading to almost negligible differences in porosity among their burnout compacts.
Findings of this study showed that W/P ratio was a very important parameter in the setting and heating processes of phosphate-bonded investments. Apart from determining the consistency of investment slurries, W/P ratio also influenced the dehydration rate of slurry, bubble formation in slurry, and crack information or surface furnish of set compacts. As to the effects of liquid compositions such as colloidal silica and their pH on the properties and performance of set investments, they were beyond the scope of this study but would be investigated using a numerical method in a future study.
Dehydration during setting and thermal reactions
Volume and mass fractions of excess water in the hardening compact during setting reaction are given as follows:
where V and W are respectively the total volume and mass of the compact during setting reaction; ρ 2, ρ, and ρw are the densities of dry set compact, hardening compact during setting reaction, and water respectively. Figure 2 shows the water contents in the hardening compacts during the setting reaction as a function of setting time. In this study, the ratio of surface area to volume (S/V) of the compact specimens was 0.87. This ratio is an influencing factor toward dehydration rate, which is incidentally also affected by the temperature and humidity of the surrounding environment. Within 3 h, most of the excess water was lost to ambient air, reaching below 3% in mass content. When a wet compact was exposed to heating in a high-temperature furnace up to 800°C, water evaporation accelerated heat transfer within the investment compact. Evaporation requires water molecules to gain heat energy, which meant that excess water helped to increase heat transfer into the investment compact, thus preventing thermal fracture of the latter. For this reason, rapid-heating investments should be exposed to heating in high-temperature furnace within a few hours after its spatulation.
CONCLUSIONS
The volumes of four commercial phosphate-bonded investment powders (two conventional versus two rapidheating types) were measured using a gas pycnometer. Densities and porosities of set and burnout compacts were measured and compared against theoretical calculations. Experimental data well agreed with the computed results. Estimation of the compositions of investment powders revealed binder content to range between 13 and 18%, and that rapid-heating investments contained a higher quartz content than conventional investments. Effects of W/P ratio on the porosity of set and burnout compacts were theoretically computed, and the results well agreed with the experimentally measured data.
Dehydration rates of hardening compacts during the setting reaction were estimated from their measured densities. In conclusion, the numerical simulation method developed in this study could be applied to computer-aided compositional design of phosphate-bonded investments and determination of parameters and conditions for optimal setting and heating processes. 
